In order to make up for the shortcomings of the development of traditional distribution networks, and promote the diversification of energy structure, active distribution network (ADN) came into being. With the large amount of distributed energy resources (DER) connected to the grid, the economic operation evaluation of the active distribution network has been greatly restricted. According to the characteristics of the active distribution network, 7 second-level evaluation indicators such as DER penetration rate are defined in this paper. At the same time, combined with the indicators of the traditional distribution network, a new active distribution network economic operation evaluation index system is constructed, which includes 7 first-level indicators and 21 second-level indicators, and a comprehensive evaluation model based on fuzzy borda method is proposed. This comprehensive evaluation model is put forward due to inconsistent results of evaluation methods, in addition, Kendall-w coefficient is used for the prior consistency test, fuzzy borda method is used for the combination evaluation of different results of several evaluation methods. By considering the difference of evaluation results, the evaluation results are closer to the reality. Finally, the simulation and sensitivity analysis of the last example verify the rationality and effectiveness of the index system and the evaluation model.
I. INTRODUCTION
With the massive access of DER to the grid, the distribution network has changed from a traditional passive network to an active network, which brings new challenges to the operation, maintenance and management of the grid [1] . The active distribution network is an effective solution to solve the problem of a large number of distributed power sources connected to the power grid. In order to cope with the access of high-permeability DER, developed countries are discussing the ADN technology mode under the smart grid framework. For the needs of sustainable development, the active distribution network will face increasingly high penetration of DER situation, and thus it is necessary to expand the relevant discussions [2] - [4] . The evaluation of the economic operation of the active distribution network is of great significance to the improvement of the safety, economic and environmental benefits of the operation of the power the evaluation methods adopted include analytic hierarchy process, fuzzy comprehensive evaluation, data envelopment analysis, TOPSIS, set pair analysis and VIKOR, etc. In reference [8] , for the evaluation of the economic operation of active distribution network, the index weight cloud model, the evaluation grade boundary cloud model, the related evaluation matrix cloud model and the final evaluation result cloud model are proposed. In literature [9] , VIKOR method is applied to the comprehensive evaluation of transmission network planning scheme, and the comprehensive evaluation model of power network planning scheme based on entropy weight method and VIKOR method is established. In literature [10] , variable weight theory and set pair analysis (SPA) theory are applied to comprehensively evaluate power quality. In conclusion, it can be found that for the evaluation of active distribution network, due to human subjectivity, people usually choose an evaluation method for comprehensive analysis, ignoring that the evaluation results of different evaluation methods may be inconsistent. Therefore, in order to improve the accuracy of evaluation results and better integrate the characteristics of various evaluation methods, the combination idea is introduced after the results of a single evaluation method are inconsistent. Combination methods include average method [11] , the borda method [12] , fuzzy copeland method [13] and fuzzy borda method [14] , etc.
In view of the above research status, 7 new secondary evaluation indicators are defined in this paper. Meanwhile, a new evaluation index system for the economic operation of active distribution network is created by referring to the traditional distribution network indicators in literature [15] . Then, regarding the consistency and accuracy of the evaluation results in the whole evaluation process, a comprehensive evaluation model based on fuzzy borda method is established. Finally, some studies of cases are given to verify the validity and rationality of the index system and evaluation model.
II. CONSTRUCTION OF EVALUATION INDEX SYSTEM FOR NEW ACTIVE DISTRIBUTION NETWORK ECONOMIC OPERATION A. THE ESTABLISHMENT PRINCIPLE OF ECONOMIC OPERATION EVALUATION INDEX SYSTEM OF ACTIVE DISTRIBUTION NETWORK
In order to establish an evaluation index system of ADN economic operation, the purpose of evaluation should first be clarified. This paper aims to evaluate the economy of ADN considering DER in different operating states. Secondly, the new change of ADN under the background of new energy is limited in the applicability of the original evaluation index system of economic operation, which is the key problem to establish a new index system. Finally, we should choose the evaluation index based on rigorous and scientific spirit, with the purpose of comprehensively and objectively reflecting the various influencing factors of the economic operation of distribution network.
B. EVALUATION INDEX DEFINITION 1) DER PENETRATION RATE
Definition 1: DER penetration rate η DER is defined as the ratio of the installed capacity of distributed energy to the maximum load of the grid. It can comprehensively reflect the impact of large scale DER on the ADN. The calculation formula is:
where P DER,install is DER installed capacity, P L,max is ADN maximum load. As time goes by, the above formula numerator and denominator can become larger or smaller. Thus η DER may rise or fall.
2) DER PEAK CLIPPING RATE Definition 2: DER peak clipping rate γ pc is defined as the ratio of the load that needs distributed energy compensation in daily maximum load to the daily maximum load, which can explain the ability of DER to participate in peak clipping. Its calculation formula is:
where P LC is the load that requires distributed energy compensation in the daily maximum load.P Ld,max is the daily maximum load.
3) DER PEAK OUTPUT RATIO Definition 3: DER peak output ratio γ pl is the ratio of the difference between the daily load corresponding to the maximum load point and the DER output corresponding to the maximum load point to the daily maximum load, which reflects the ability of the DER output to support the peak load. The smaller the ratio is. The closer the DER output maximum is to the load peak, the better the DER participates in the peaking result. The calculation formula is as follows:
where P DER is DER output corresponding to the maximum load.
4) DER MAXIMUM REMAINING POWER GENERATION RATIO
Definition 4: Distributed energy is time-varying, and the load varies with the working environment. DER maximum remaining power generation ratio r sn,max is used to analyze the absorption capacity of active distribution network to distributed energy in time-varying period and calculates the maximum current that the line, transformer and other equipment can bear. The calculation formula is:
where P G is distributed energy generation instantaneous power, P L is instantaneous power of load, S is corresponding to the sum of the ultimate transmission power of each line. VOLUME 8, 2020
5) EQUIPMENT INVESTMENT AND PURCHASE COST
Definition 5: Active distribution network system can use many devices. Different devices can be further of different forms of distribution network structure, the equipment investment and purchase cost C total reflects the total investment cost of each equipment in the distribution network. The calculation formula is as follows:
where I nvtech is the cost of the equipment in the distribution network, C aptech is optimum capacity of equipment optimized design, I is the discount rate, L ttech is the service life of equipment.
6) EQUIPMENT OPERATING COST
Definition 6: The operation cost of equipment mainly includes the annual operation cost of important equipment and the annual cost of fuel purchase, that is
Among them:
where C om is annual operating cost, C fuel is fuel consumption fee, O Mtech is operating expenses of each equipment, E tech,m,h is the hourly load of the equipment, V gas,m,h is hourly air usage of equipment, P gas,m,h is gas prices.
7) EQUIVALENT ENVIRONMENTAL BENEFITS
Definition 7: Equivalent environmental benefit is the reduction of environmental cost caused by using clean energy to replace the electricity generated by thermal power units in the active distribution network. This paper mainly studies the benefits of NO x and CO 2 emission reduction, that is
where C eco is the equivalent environmental benefit, c 1 is penalty for CO 2 emissions, M 1 is various distributed energy sources replace the CO 2 emission reduction of thermal power generation, c 2 is penalty for CO 2 emissions, M 2 is various distributed energy sources replace the NO x emission reduction of thermal power generation.
C. ECONOMIC EVALUATION INDEX SYSTEM OF ADN
The economic operation evaluation of the active distribution network involves all aspects of the power network from planning and construction to operation and maintenance. Besides, the evaluation of the active distribution network is conducive to timely discovery of unreasonable and weak links in the system, it also gives reasonable guidance to its reconstruction and optimization of operation mode. Limited by the construction process and development level of the active distribution network, the evaluation of the active distribution network at this stage cannot go deep into each link to establish detailed indicators. In order to solve the existing problems, according to the characteristics of distributed energy integration, this paper first defines 7 new evaluation indicators, Then, referring to the traditional distribution network indicators in [15] , a new active distribution network economic operation evaluation index system is finally constructed, as shown in table 1.
Due to the limitation of space, this paper only explain some special indicators in detail:
(1) Power supply radius X51: It is centered on the power supply, and the circle drawn by the radius of the power supply is the power supply range. This radius is called the power supply radius.
(2) Capacity-load ratio X52: it represents the relationship between the installed capacity of the line, the station or the transformer and the maximum actual operating capacity, reflecting the situation of capacity reserve. If the capacity-load ratio is too large, it means that there is too much capacity available for power grid, which reflects the increase of early investment in power grid construction. If the capacity-load ratio is too small and the capacity available is too small, the adaptability of the power grid will be poor, and dispatching will be difficult.
(3) Operational mode X53: It realizes load transfer and reduction of network loss by changing network structure and controlling active and reactive power flow in the network.
D. ANALYSIS ON THE INFLUENCE OF ADN ON EXISTING INDEXES
A large number of distributed energy resources are connected to the grid, bringing a series of uncertain problems to the ADN, including the change of system structure and the power flow. The voltage and load of the system will change with the uncertainty of DER. Thus the calculation formulas of some existing index need to be improved necessarily.
In this paper, the calculation methods of the existing indexes are improved. For example, the bus voltage pass rate can be formulated as:
where t k is bus voltage qualified time to be evaluated, t is total running time of the bus voltage to be evaluated, t ADN is the amount of voltage change caused by the active distribution network joining distributed energy resources.Based on the index system established in the last section, the calculation of secondary indexes need to be improved, that are X 11 , X 13 , X 21 , X 31 , X 32 , X 42 , X 52 , X 53 .
III. ESTABLISHMENT OF COMPREHENSIVE EVALUATION MODEL BASED ON FUZZY BORDA METHOD A. FUZZY BORDA METHOD
The fuzzy borda method takes into account the score difference and rank in the ranking of various methods. x j i is denoted as the score of the j−th evaluation object in the i−th method, the basic steps of dynamic combination evaluation method based on fuzzy borda method are as follows:
(1) The membership degree In this paper, the membership degree is calculated by the range variation formula, and the formula is:
where λ j i is degree of membership. (2) calculate fuzzy frequency ω ih
l ] n×m , If the j−th method gives the lth ranking to the i−th evaluation unit, Then σ (3) The conversion score of ranking l is calculated as follows:
(4) Calculate the fuzzy borda score B i of the i − th evaluation unit. The formula is:
Finally they sort by the size of B i .
B. CONSTRUCTION OF COMPREHENSIVE EVALUATION MODEL BASED ON FUZZY BORDA METHOD
The flow chart of the comprehensive evaluation model in this paper is shown in figure 1 . It selects TOPSIS, grey relational analysis and fuzzy comprehensive evaluation method as the method set, and then uses kendall-w coefficient to test the precombination consistency, and finally uses fuzzy borda combination evaluation to conduct the combination evaluation of the above evaluation results. The specific calculation steps are as follows:
Step 1: Establish an active distribution network economic operation index system.
Step 2: The index weight is determined based on AHPentropy weight method.
(1) Determination of subjective weight by AHP method AHP [16] , [17] is a multi-criteria decision making method combining qualitative and quantitative analysis. Its principle is: By analyzing and judging each factor, the factors are divided into different levels, at the same time, two factors in each layer are compared. then the relative importance matrix is established, finally the index weight can be further obtained through the consistency test.
(2) Determine the objective weight by entropy weight method Entropy weight method [18] , [19] is a method that uses the information provided by the entropy value of each index to determine the weight of the index. The entropy weight method can avoid the artificial factor interference of the weight of each evaluation index and make the evaluation result more accord with the reality. By calculating the entropy value of each index, the information amount of the index can be measured, so as to ensure that the established index can reflect most of the original information.
(3) The final combined weight is determined by subjective weight coefficient ε and objective weight coefficient δ, that is:
where w i is weight determined by AHP, w j is the weight determined by the entropy method.
Due to the final combination weight satisfies n k=1 w k = 1, w k is to be normalized, the weight value is between subjective weight and objective weight after normalization, that is:
Step 3: Single decision evaluation method based on TOPSIS
The TOPSIS full name is a sorting method that approximates the ideal solution. It is a systematic evaluation scheme suitable for multi-index and multi-scheme decision analysis. It sorts multiple decision schemes by constructing ''positive rational solution'' and ''negative ideal solution''. The specific calculation principle refers to the referenced [20] , [21] .
Step 4: Single decision evaluation method based on grey correlation analysis For two factors in the system, A measure of the degree of correlation that varies over time or between different objects is called the correlation degree. The specific calculation principle is referenced [22] , [23] .
Step 5: Single decision evaluation method based on fuzzy comprehensive evaluation method
The fuzzy comprehensive evaluation method divides the indicator system into three layers: target layer, criterion layer and factor layer. According to the index system, it evaluates from low level to high level, and shows the influence of various factors on evaluation objects through different levels. The specific evaluation principle can be referred to [24] , [25] .
Step 6: Comparing the evaluation results of the three evaluation methods, if the evaluation results are completely consistent, there is no need to make a combination decision, and the optimal result is directly selected, otherwise the combination analysis is needed.
Step 7: Consistency test was conducted before combination. Kendall-w coefficient was selected in this paper to test. Only those evaluation methods that passed the consistency test could be combined, and those that failed should be removed.
Step 8: Finally, several evaluation methods through consistency are combined with fuzzy borda method to calculate the score of fuzzy borda and select the optimal result.
C. CONSISTENCY TEST
Consistency test is to test the accuracy of evaluation results. That is to say, after determining the evaluation results, decision makers can clearly identify which methods of evaluation results are closer to reality, so as to select the best results. In this paper, Kendall-w coefficient principle is used to conduct consistency test of the results before combination.
Kendall-w coefficient can test the consistency of decision results of various methods, the purpose is to construct a statistic X 2 = g(m − 1)W , among them:
where r i = g j=1 y ij , m is number of schemes, g is number of methods, y ij is the i − th scheme is sorted in the j − th method.
Test whether X 2 obeys the X 2 distribution with a degree of freedom of (m-1). Given the significance level α, If X 2 > X 2 α (m − 1) is obtained from the table, it is considered that various decision methods are consistent on the significance level α. The consistency of each single decision method is tested by this method, and several methods with consistent decision results are selected for combined decision.
IV. SIMULATION RESULTS
This paper takes 10kV active distribution network operating in a certain area as an example, and initially draws up six feasible active distribution network planning schemes, whose equipment information parameters are shown in table 2. The economic operation evaluation model was established based on the typical daily economic operation state of the local power grid company and the statistical data obtained by its energy information collection system in a normal operation year. The original data of each program index were shown in table 3. 
A. CALCULATION OF INDEX WEIGHT BASED ON AHP-ENTROPY METHOD
For qualitative indicators in the indicator system, this paper adopts the expert grading method to obtain the evaluation information and quantifies the qualitative indicators through the analytic hierarchy process. The quantitative indicators can be divided into static indicators and dynamic indicators. The static quantitative indicators can be obtained directly according to the planning information, while the dynamic quantitative indicators can be calculated by using multi-scene technology. In this paper, AHP-entropy weight method is adopted to give weight, and its calculation results are shown in table 4.
As can be seen from table 4, the combined weight is between AHP and the weight of entropy method. 
B. CALCULATION RESULTS AND ANALYSIS 1) COMPREHENSIVE CALCULATION BASED ON TOPSIS METHOD
Based on the principle of TOPSIS, the paste schedule of each case is calculated. Its calculated results are shown in table 5, and evaluation results of the first-level indicators of the corresponding scheme are shown in figure 2 .
It can be seen from table 5 that the comprehensive evaluation result of case 4 is the best, and its paste schedule is 0.5975, followed by case 6, and its paste schedule is 0.5770, and the overall evaluation result of case 3 is the worst, and its paste schedule is 0.3735. As can be seen from figure 2, the evaluation results of the six cases are less different than those of other criteria in terms of grid layout, and more different in terms of the economic characteristics of DER grid-connection. VOLUME 8, 2020 
2) COMPREHENSIVE CALCULATION BASED ON GREY RELATIONAL ANALYSIS METHOD
Based on the principle of grey relational analysis, the correlation degree of each case is calculated. Its calculated results are shown in table 6, and evaluation results of the first-level indicators of the corresponding scheme are shown in figure 3 .
It can be seen from table 6 that the comprehensive evaluation result of case 4 is the best, and its correlation degree is 0.7547, followed by case 6, and its correlation degree is 0.7250 and the overall evaluation result of case 5 is the worst, and its correlation degree is 0.6258. As can be seen from figure3, the evaluation results of the six cases are less different than those of other criteria in terms of grid layout, and more different in terms of the economic characteristics of DER grid-connection.
3) COMPREHENSIVE CALCULATION BASED ON FUZZY COMPREHENSIVE EVALUATION METHOD
Based on the principle of fuzzy comprehensive evaluation method, the comprehensive scores of each case are calculated. Its calculation results are shown in table 7, and evaluation results of the first-level indicators of the corresponding scheme are shown in figure 4 .
It can be seen from table 7 that the comprehensive evaluation result of case 6 is the best, and its scores is 88.465, followed by case 3, and its correlation degree is 83.587 and the overall evaluation result of case 5 is the worst, and its correlation degree is 0.6258. As can be seen from figure 4, the evaluation results of the six schemes are more different in terms of the economic characteristics of DER grid-connection. By comparing table 5, table 6 and table 7 , it can be seen that the results of three single comprehensive evaluation methods are different in different degrees. Therefore, the consistency test of the evaluation results of the three methods is performed before the combination. This paper uses the Kendall-w coefficient and uses its principle to calculate it. When the significance level is α = 0.2, there is:
4) COMPREHENSIVE EVALUATION MODEL CALCULATION BASED ON FUZZY BORDA METHOD
Therefore, when significance level α = 0.2, the above methods are consistent with the consistency test and can be combined for decision-making.
Formula (11) is used to calculate the membership scores of the six schemes of the three evaluation methods for the active distribution network, and the results are shown in table 8.
Equations (12) and (13) are used to calculate the fuzzy frequency of each scheme. The results are shown in table 9.
Formula (14) and formula (15) are used to calculate the fuzzy borda scores of each distribution network, as shown in table 10 .
It can be seen from table 10 that the results of fuzzy borda comprehensive evaluation merge the rankings of three methods, which are generally consistent with the results of TOPSIS, grey relational analysis and fuzzy comprehensive evaluation, and there is no big difference. According to the final result obtained by the combination decision, the order of the six cases that can be obtained is:: S4>S6>S2>S3>S>S1
In terms of voltage quality, compared with case 3, case 2 has a higher score than case 3 due to its better performance in line maximum voltage drop and bus voltage qualification rate. In terms of grid loss, compared with case 5, case 1 performs better in line theoretical loss rate. However, due to the better performance of theoretical loss qualification rate in case 5, case 5 has a higher score. Compared with the case 2, the case 6 has a higher score than the case 2 in terms of load because the line power factor and the line load rate perform well. Case 4 performs worse than other cases in the maximum line voltage drop, however, due to the sufficient power generated in case 4, the bus voltage pass rate performs well. In addition, since the electric vehicle is connected to the power grid, theoretical distribution transformer loss rate pass rate is directly proportional to the power load. but, the electric vehicle in case 4 has a relatively small investment, therefore, the theoretical loss rate of case 4 has a low qualification rate. In terms of load and distribution equipment, since case 4 performs better than other cases in terms of various indicators, it has a certain impact on its final score. In terms of grid layout, the wire transformer matching in case 4 is better. In terms of DER grid-connected power generation output characteristics and DER grid-connected economic characteristics, case 4 performs better than other cases due to rational planning and optimization of distributed energy such as wind power and photovoltaic.
To sum up, case 4 makes use of wind-solar complementary advantages, reasonably allot the capacity of energy conversion and storage equipment, and properly deal with the influence brought by active distribution network, so it has the highest score in the evaluation ranking. However, it can be seen from radar figure 2, figure 3 and figure 4 that although China has realized the role of distributed power generation in the economic operation of power grid, however, compared with the index score of traditional distribution network, the performance of DER grid-connected power generation output characteristics and DER grid-connected economy is poor. Therefore, how to reasonably optimize the distributed energy planning is still an important issue for active distribution network to realize economic operation.
C. SENSITIVITY ANALYSIS
In the actual construction and development of active distribution network, with the large amount of distributed energy access, the reduction of CO 2 and other gas emissions is the most intuitive performance. Equivalent environmental benefits combined with the reduction in environmental costs associated with the generation of electrical energy from conventional thermal power units. It can reflect the benefits of the reduction of CO 2 and other gas emissions. The higher the equivalent environmental benefit, the higher the economic level of the active distribution network. This paper will focus on the sensitivity analysis of the equivalent environmental benefits of the active distribution network, and analyze its impact on the economic operation evaluation of the active distribution network.
Firstly, on the basis of case 4, the amount of distributed energy incorporated into the grid is increased as follows:
The score of DER grid-connected economic characteristics obtained by recalculating with the comprehensive evaluation model proposed in this paper is shown in figure 5 .
As can be seen from the results in figure 5 , with the increase of grid-connected distributed energy, the environmental equivalent benefits gradually increase, but the growth rate is more and more slow. The evaluation score of DER grid-connected economic characteristics showed an upward trend, indicating that with the massive grid connection of distributed energy, the reduction of CO 2 and other pollution gas emissions led to the development of other industries, so the operation of active distribution network became more economical. Therefore, we should put more energy into the grid connection of distributed energy, but we should also avoid excessive construction and energy waste.
V. CONCLUSION
Active distribution network is a manifestation of the combination of traditional distribution network and distributed energy, and it also is an important attempt to improve the energy structure of the distribution network in the future and improve the energy consumption mode. This paper makes a comprehensive evaluation of the economic operation of ADN and draws the following conclusions: 1) Based on the characteristics of active distribution network, this paper defines two first-level indexes and seven second-level indexes by considering the influence of distributed energy grid connection on the power grid in order to evaluate the economy of active distribution network, and then establishes a new economic operation index system of active distribution network by combining the traditional distribution network indexes.
2) The comprehensive evaluation model based on fuzzy borda proposed in this paper can effectively solve the differences of TOPSIS, grey relational degree analysis method and fuzzy comprehensive evaluation method. At the same time, the combined method is easy to calculate and compare the differences between different methods.
3) Through the sensitivity analysis, the results show that the economic operation index system of the active distribution network based on this has certain reference significance for the economic operation evaluation of the active distribution network.
